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InfectionImmunoﬂuorescence analyses of FMDV persistently infected BHK-21 cells showed that in cultures from early
stages of the persistence (passage 15) only about 10% of cells displayed viral antigens, while at late stages
(passage 100) no FMDV antigen-positive cells were found. Positive cells at passage 15 displayed a number of
structural alterations that did not differ from those observed in lytically infected cells. In these monolayers,
and remarkably, clusters of cells that exceeded conﬂuence were associated with an enhancement of cells
positive for FMDV antigens, suggesting cell density-dependent expression of viral antigens. Inhibition of
virus spread by blocking endosomal acidiﬁcation, or addition of neutralizing antibodies to the culture
medium reduced the number of FMDV antigen-positive cells within the monolayers. These results suggest
that extracellular virus transmission plays an important role during FMDV persistence in cell culture and that
this process ﬁts the characteristics of a carrier culture model..
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Persistent viral infections in cell culture have been studied as
model systems to understand the molecular and cellular bases of
coexistence of pathogenic viruses and their host (reviews in Ahmed
and Chen, 1999; Nathanson and Gonzalez-Scarano, 2007; Oldstone,
2006). The picornavirus foot-and-mouth disease virus (FMDV) has a
dual capacity to produce either an acute infection in cloven-hooved
animals, or an inapparent, persistent infection in ruminants (reviews
in Mahy, 2005; Rowlands, 2003; Sobrino and Domingo, 2004). In a
parallel manner, FMDV is usually cytopathic for cells in culture, but it
may also establish a long-term persistent infection (de la Torre et al.,
1985). Speciﬁcally, infection of BHK-21 or IBRS-2 cell monolayers with
the biological clone FMDV C-S8c1 resulted in extensive cytophatology
and cell killing. However, 10−3 to 10−4 of the initial number of cells
survived, could be extensively passaged, and shed FMDV into the
culture medium (de la Torre et al., 1985; Díez et al., 1990; Herrera
et al., 2008). The FMDV-carrying cells conform to the deﬁnition of
persistently infected cells because they displayed absent or limited
cell killing, and they sustained replicating FMDV for up to 146 cell
passages (Díez et al., 1990; Herrera et al., 2008; Toja et al., 1999).To facilitate the interpretation of the results, persistence was
established with a biological clone of FMDV, as well as cloned BHK-21
cells, obtained by end-point dilution and growth from a single cell
(de la Torre et al., 1985, 1988). Use of cloned virus and cloned cells
revealed that a salient feature of FMDV persistence in BHK-21 cells is a
cell–virus coevolution in which the cells become gradually more
resistant to FMDV and the latter, in turn, becomemore virulent for the
parental BHK-21 cells (de la Torre et al., 1989a,b, 1988; Herrera et al.,
2008; Martin Hernandez et al., 1994). Remarkably, the cells evolved
toward increased resistance to the parental C-S8c1 FMDV (and to
other FMDV serotypes that were tested), but they maintained their
susceptibility to vesicular stomatitis virus, encephalomyocarditis
virus and Semliki forest virus (de la Torre et al., 1985).
The phenotypic coevolution undergone by the FMDV-carrying cell
lines (de la Torre et al., 1988) is highly reproducible because it has
been observed recently in two newly established carrier cell lines
using the same BHK-21 cells and FMDV C-S8c1 kept frozen for
22 years (Herrera et al., 2008). It was possible to ascertain that the
cells varied genetically, as opposed to an altered behavior due to the
presence of the virus because the carrier cells could be cured of FMDV
by treatment with the nucleoside analogue ribavirin [1-(β-D-
ribofuranosyl-1H)1,2,4-triazole-3-carboxamide] (Airaksinen et al.,
2003; de la Torre et al., 1987; Herrera et al., 2008). Thus, comparison
of the standard BHK-21 cells with the evolved cells (termed R cells)
freed of FMDV, showed that the cells acquired a remarkable
phenotypic heterogeneity, with a range of cellular morphologies
and of susceptibilities to FMDV (de la Torre et al., 1989b). In turn, and
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through genetically heterogeneous populations that achieved re-
markable divergence in their consensus nucleotide sequences, with
mutation frequencies in the range of 2.8×10−3 to 7.7×10−3 substi-
tutions per nucleotide, relative to the parental genome (de la Torre
et al., 1985; Díez et al., 1990; Toja et al., 1999). The system was
described as highly dynamic, based on the interaction between an
evolving heterogeneous population of virus and multiple cell variants
that provided a range of responses to FMDV (de la Torre et al., 1989b).
Upon serial passage of the BHK-21 cells persistently infected with
FMDV, large variations in the levels of infectious FMDV shed by the
cells have been observed (de la Torre et al., 1985; Díez et al., 1990;
Herrera et al., 2008; Toja et al., 1999). In the studywith the twoparallel
R-B and R-D persistently infected cell lines (Herrera et al., 2008) both
lines showed a strikingly similar behavior. At passages 1 to 30 and 36
to 45 an increase of intracellular and extracellular infectious FMDVwas
observed, while in subsequent passages (up to passage 100) the
infectivity was below the level of detection. The increases of infectivity
overlappedwith an increase in the intracellular and extracellular ratio
of positive- to negative-strand FMDV RNA (Herrera et al., 2008).
The behavior of viral quasispecies is a collective property of
mutant ensembles whose replication can be either positively modu-
lated by complementation, or negatively modulated by interference.
Complementation or interference is exerted among components of
themutant spectrum, as documented by experimental and theoretical
studies (Crowder and Kirkegaard, 2005; Grande-Pérez et al., 2005;
Ojosnegros et al., 2010; Stich et al., 2007). Modulating interactions
have been described for FMDV, and they participate in the replicative
collapse that leads to virus extinction in the process of lethal muta-
genesis (González-López et al., 2004; Perales et al., 2009, 2007). In the
present report we describe that the intra-population interactions
among viral genomes have as a counterpart a striking collective
behavior of cells that have evolved as a result of FMDV persistence.
FMDV antigens are only detectable at early stages of persistence and
in a small fraction of cells. These cells display a number of structural
alterations that do not differ signiﬁcantly from those described for
lytically infected cells. However, a remarkable cell density-dependent
expression of viral antigens is observed, that may modulate virus
shedding into the extracellular medium. We propose that such a cell-
density-dependent viral production may constitute an adaptive strat-
egy to ensure a sufﬁcient level of extracellular virus to produce occa-
sional acute infections, which favor long-term survival of FMDV.
Implications for our understanding of virus–host cell relationships are
discussed.
Results
Immunoﬂuorescence detection of viral antigens in cell cultures
persistently infected with FMDV
We ﬁrst analyzed the level of expression of FMDV proteins in
persistently infected cells (R cells) from the two series (R-B and R-D)
established by Herrera et al. (Herrera et al., 2008). The following cells
have been analysed: (i) R cells with low passage number (passage 15),
termed R-B 15 and R-D 15, which represent early stages in the
establishment of the persistence; (ii) cells with high passage number
(passage 100), termed R-B 100 and R-D 100; and (iii) the cells in (i)
and (ii) cured of FMDV by ribavirin treatment, termed C-B 15, C-D 15,
C-B 100 and C-D 100 (C denotes “cured”). BHK-21 cells infected with
the parental FMDV C-S8c1 were also analyzed as control for viral
antigen expression during lytic infection. As shown in Fig. 1A,
ﬂuorescence corresponding to non-structural protein 3A and to capsid
protein VP1 was detected in R-B 15 and R-D 15 populations, but not in
cells frompassage 100 (R-B 100 and R-D 100) or, as expected, in C-B 15
and C-D 15 cells. Interestingly, only a small fraction of R-B 15 and R-D
15 (12.0±1.89% for R-B 15 and 14.26±1.62% for R-D 15) showeddetectable ﬂuorescence for FMDV proteins 3A and VP1. In all R-B 15
and R-D 15 positive cells, ﬂuorescence to 3A and VP1 proteins was
simultaneously detected and showed an intensity and distribution
similar to that observed in the lytic infection, including the presence of
rounded cells indicative of advanced cytopathic effect. Viral protein
expression correlated with detection of ﬂuorescence to double
stranded RNA (dsRNA) intermediates (Fig. 1B), which was observed
in cells positive for FMDV proteins (R-B 15 and R-D 15) but neither in
cells from passage 100 (R-B 100 and R-D 100) nor in those cured with
ribavirin (C-B 15, C-D 15, C-B 100, C-D 100) (b1 cell positive in 3000
analyzed). Intracellular ﬂuorescence distribution of dsRNA labeling
corresponded to non-structural protein distribution and resembled
that exhibited in a lytic infection. These results indicate that FMDV
antigens could only be detected at early stages of persistence in a
limited fraction of the R cells.
Subcellular analysis of persistently infected cells
To assess whether alterations in the distribution of cell compo-
nents – such as those observed during FMDV lytic infection (García-
Briones et al., 2006; Martín-Acebes et al., 2008) – occurred during
persistence, an immunoﬂuorescence analysis of conﬂuent R cells was
performed. R-B 15 and R-D 15 cells positive for FMDV antigens
exhibited a disordered Golgi complex as estimated by ﬂuorescence
staining to the cis-Golgi marker gp74 (Fig. 2A), which was previously
shown to be dispersed in lytically infected cells (García-Briones et al.,
2006; Martín-Acebes et al., 2008). In R-B 15 and R-D 15 monolayers,
cells negative for viral antigens showed a normal shape Golgi
complex. A similar endoplasmic reticulum (ER) staining was observed
in BHK-21 cells and in R-B 15 or R-D 15 cells either positive or
negative for viral antigens. On the other hand, no major alterations in
the Golgi complex and ER were noted in R-B 100 and R-D 100
monolayers in which no cells positive for FMDV were found (See
Supplementary Fig. 1).
The analysis of the cytoskeleton showed a marked reduction of
actin stress ﬁbers in R-B 15 and R-D 15 cells positive for 3A staining
when compared with negative cells in the same ﬁeld (Fig. 2A). This
reduction preceded the cell rounding observed in these cells which
was similar to the cytopathic effect found in lytically infected cells
(García-Briones et al., 2006). Depolymerization of microtubules was
also observed in FMDV antigen positive cells R-B 15 and R-D 15 with
advanced cytophatic effect that were starting to retract their protru-
sions, rounding and detaching from the plate (Fig. 2A). These
alterations have been also described in lytic FMDV infections of
BHK-21 cells (Armas-Portela et al., 2004; Armer et al., 2008) (see
Supplementary Fig. 2).
As a result of their evolution during persistence, BHK-21 cells
change from the typical fusiform of ﬁbroblasts toward a rounded
shape (de la Torre et al., 1989b, 1988). When actin staining was used
as indicative of cell rounding, R-B 15 and R-D 15 cells showed a
morphology more spherical than that of parental BHK-21 cells
(Fig. 2B). This alteration was more pronounced in conﬂuent mono-
layers from passage 100 in which cells grew following a non-
homogeneous pattern. Indeed, in R-B 100 and R-D 100 monolayers
two cell subpopulations could be distinguished: one composed of
cumuli of rounded cells and a second one consisting of isolated cells
that conserved their star-shaped ﬁbroblast morphology, referred to as
BHK-like. While the BHK-like cells displayed a normal actin and
tubulin cytoskeleton, in the population of rounded cells actin stress
ﬁbers were not observed (Fig. 2C).
The percentage of cells expressing FMDV proteins during early
persistence increases as a function of cell conﬂuence
Lower magniﬁcation analyses than those displayed in Figs. 1 and 2
showed a correlation between clusters of cells positive for FMDV
Fig. 1. Expression of viral antigens in R cells persistently infected with FMDV. (A) Double immunoﬂuorescence labeling of FMDV non-structural protein 3A and VP1 capsid protein, in
R-B and R-D cells at passages 15 (R-B 15 and R-D 15) and 100 (R-B 100 and R-D 100), and in ribavirin-cured R cells (C-B 15, C-D 15, C-B 100 and C-D 100). Images corresponding to
BHK-21 cells infectedwith C-S8c1 FMDV (MOIb1 PFU/cell) at 7 h postinfection are included in the ﬁrst row as a control. FMDV 3A protein was detected using rabbit polyclonal serum
163, and VP1 was detected with MAb SD6. Anti-rabbit Alexa Fluor 488 (green) and anti-mouse Alexa Fluor 594 (red) were used as secondary antibodies. DAPI nuclear staining is
included (blue). (B) Double immunoﬂuorescence labeling of the cells shown in panel A, employing rabbit polyclonal serum 163 to 3A protein and mouse MAb J2 against dsRNA.
Secondary antibodies were as in panel A. Scale bars: 20 µm. Reagents and procedures are detailed in Materials and methods.
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(Fig. 3). Thus, cumuli of rounded cells were mainly composed of cells
expressing FMDV antigens, suggesting that expression of FMDV
antigens is favored in areas of the monolayer with high cellular
density.The favored expression of FMDV proteins in cell clusters within
conﬂuent monolayers of R cells at pasage 15 is in agreement with
previous observations made with the BHK-21 cells persistently
infected with FMDV. Indeed, cell conﬂuence was shown to trigger
crises of cytopathic effect, with massive cell death (de la Torre et al.,
Fig. 2. Alterations of cellular components in R cells persistently infectedwith FMDV. (A) Double immunoﬂuorescence labeling of FMDVnon-structural protein 3A and of different cellular
structures inR-B and R-D cells at passage15 (R-B15 and R-D15). 3Aproteinwasdetectedwith rabbit polyclonal serum163 orwithmouseMAb2C2 for double labelingwith calreticulin or
tubulin. The cis-Golgi network was stained using MAb 25H8 against protein gp74. ER andmicrotubules were visualized using a rabbit antibody against calreticulin and rabbit serum 196
against βII-tubulin, respectively. Actin was stained with Alexa Fluor 488-labeled phalloidin. Anti-mouse and anti-rabbit Alexa Fluor 488- or 594-labeled secondary antibodies were used.
Asterisks denote cells showing positive staining for FMDV protein 3A. (B) Differences in cellular morphology among BHK-21, R-B 15, R-D 15, R-B 100, and R-D 100, estimated by actin
staining using ﬂuorescent phalloidin (green) andDAPI (blue). Twomorphologically distinct populationswere observedwithin R-B 100 andR-D 100 cells, one composed of cells exhibiting
BHK-likemorphology (white arrows) and another consisting of densely clustered, rounded cells (black arrows). (C) Highmagniﬁcation images of the different populations (BHK-like and
rounded) within R-B 100 and R-D 100 cells stained for actin and tubulin as in (A). Scale bars: 20 µm. Procedures are described in Materials and methods.
50 M.A. Martín-Acebes et al. / Virology 403 (2010) 47–551985). To investigate the contribution of cell density to FMDV protein
expression, different amounts of R-B 15 and R-D 15 cells were plated
on culture dishes and incubated until different conﬂuence levels werereached: subconﬂuent (b100% conﬂuence), conﬂuent (100% conﬂu-
ence) and overgrowth (N100% conﬂuence). To avoid data bias due to
massive cell death, overgrown cells were ﬁxed and processed for
Fig. 3. Distribution of cells positive for FMDV antigens inmonolayers of R-B 15 and R-D 15
persistently infected cells. Conﬂuent monolayers were immunostained for non-structural
protein 3Ausing rabbit polyclonal serum163 and a secondary anti-rabbit antibody labeled
with Alexa Fluor 488 (green). DAPI nuclear staining is shown in blue. Arrows point to
clusters of 3A positive cells, which corresponded with parts of the monolayer that
exhibited higher cellulardensity (seeDAPI). Scale bars: 20 µm. Procedures are described in
Materials and methods.
Fig. 4. Effect ofmonolayer conﬂuence level on the proportion and distribution of cells positive
to reach different conﬂuence levels (b100%, 100% and N100%) and immunostained with rabb
with Alexa Fluor 488. DAPI nuclear staining is also shown. Scale bars: 20 µm. (B) Quantiﬁcati
(A). p-values corresponding to t-Student pairwise comparisons are indicated. Conﬂuence degr
cells showing ﬂuorescence to 3A that appeared individually (1) or grouped in cumuli (clust
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observed in Fig. 4A, the percentage of cells positive for FMDV antigens
increased as a function of cell conﬂuence, as did the clusters of
positive cells in overgrowth cells. The percentage of positive cells
under each cell seeding condition was determined by dividing the
number of positive cells scored by the total number of cells analyzed
(estimated by DAPI staining) (Fig. 4B). These values showed that
while differences between subconﬂuent and conﬂuent monolayers
were not statistically signiﬁcant for each of the series analysed,
differences between subconﬂuent and conﬂuent cells relative to
overgrowth cells were signiﬁcant. These results indicate that
exceeding conﬂuence in the cell monolayers is associated with an
enhancement of cells positive for FMDV antigens. Likewise, the
percentage of clusters of positive cells and their complexity (number
of cells per cluster) was also increased with the level of conﬂuence
(Fig. 4C).
Similar results were obtained in a complementary assay in which
the same number of cells was grown in culture dishes of different
diameter. Under these conditions, cells plated on 16 mm diameter
dishes exceeded conﬂuence while those plated on 35 mm diameter
dishes remained subconﬂuent (Fig. 5A). Overgrowth cells displayed a
statistically signiﬁcant higher number of 3A positive cells and clustersfor FMDV antigens in R-B 15 and R-D 15 persistently infected cells. (A) Cellswere seeded
it polyclonal serum 163 against protein 3A and a secondary anti-rabbit antibody labeled
on of the percentage of cells positive for 3A staining at different conﬂuence degrees as in
ee affected signiﬁcantly the percentage of cells positive for 3A staining. (C) Percentage of
ers) of 2, 3 or N3 cells. Procedures are described in Materials and methods.
Fig. 5. Effect of the cell conﬂuence level on the percentage of cells positive for FMDV
antigens in R-B 15 and R-D 15 persistently infected cultures. (A) Equal numbers of cells
were seeded in 16 mm Ø or a 35 mmØ culture dishes. After 24 h cells were ﬁxed and the
ﬂuorescence against 3A protein analyzed using rabbit polyclonal serum 163 and a
secondary anti-rabbit antibody labeled with Alexa Fluor 488. DAPI nuclear staining is also
shown. Scale bars: 20 µm. (B) Percentage of cells positive for 3A staining in (A). 16 and
35 mmØ refer to diameter of the culture dishes used for cell seeding. ANOVA p-values are
indicated in the ﬁgure. Procedures are further detailed in Materials and methods.
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provide further support to the conclusion that increased cell densities
within monolayers of cells from early stages of FMDV persistence in
BHK-21 cells are associated with the expression of FMDV proteins.
Role of extracellular virus transmission during early persistence
The increase in the number of FMDV antigen-positive R cells
during cell conﬂuence and overgrowth could be due to different
factors: (i) reactivation of latent viral RNAs leading to protein
expression; (ii) cell-to-cell transmission of viral material to neighbour
cells without an extracellular virion step; (iii) standard classical virus
infection from viruses released from one cell to the neighbours,
involving an extracellular virion step. To distinguish among thesepossibilities different approaches for infection inhibition were used.
Ammonium chloride (NH4Cl) is an inhibitor of FMDV endosomal acid-
mediated uncoating (Martín-Acebes et al., 2007, 2010), thus blocking
infections requiring endocytosis of virus particles. NH4Cl efﬁciently
blocked the infection of viruses released from persistent infections
(VR-B15 and VR-D15) on parental BHK-21 monolayers (Fig. 6A),
indicating that infection by these viruses was dependent on transit
through acidic endosomes. When R-B 15 and R-D 15 cultures were
maintained in the presence of NH4Cl, a statistically signiﬁcant 80%
decrease in the percentage of positive cells was noted (Fig. 6B). On the
other hand, MAbs SD6 and 5C4, which efﬁciently neutralized the
infectivity of viruses released from R-B 15 and R-D 15 cells on parental
BHK-21 monolayers (Fig. 6C), signiﬁcantly reduced by about 50% the
percentage of FMDV-positive cells in the cultures (Fig. 6D). Taken
together, these results indicate that at early persistence stages,
standard classical infections involving extracellular virions steps
contribute to FMDV transmission between cells. However, given the
partial inhibitions found, the implication of other mechanisms cannot
be ruled out.
Discussion
Persistence of FMDV in cell culture (de la Torre et al., 1985) has
been widely studied as a strong and reproducible model to under-
stand virus–cell coevolution (de la Torre et al., 1989a,b, 1988; Herrera
et al., 2008; Martin Hernandez et al., 1994; Saiz and Domingo, 1996;
Toja et al., 1999). However, previous work was focused on the
analysis of persistence at the population level of viruses and cells.
Here, we have analyzed persistence at the intra-cell population level,
by detecting virus expression in individual cells. Our results conﬁrm
and extend previous reports on the heterogeneity of cell morphology
within populations of BHK-21 cells persistently infected with FMDV
(de la Torre et al., 1989b; Martin Hernandez et al., 1994), by
examining the distribution of the expression of viral proteins among
individual cells. According to results obtained using western blotting
(Herrera et al., 2008), expression of viral antigens was detected in R
cells from low passage number, but neither in R cells from advanced
passages (R-100) nor in cells cured of FMDV by treatment with
ribavirin. Although viral RNA has been previously detected in R-100
cells (Herrera et al., 2008), the amount of viral RNA inside these cells
must be lower than that required for immunoﬂuorescence detection
by the anti-dsRNA antibody used in this study. Only in a small
percentage of the early persistently infected cultures (R 15-B and R
15-D) was detection of viral antigens – structural (VP1) and non-
structural proteins (3A), as well as dsRNA, a marker of the replication
complex (Gazina et al., 2002; Martín-Acebes et al., 2008) – possible
(Fig. 1).
R cells expressing FMDV proteins showed typical signs exhibited
by cells lytically infected with the parental virus C-S8c1: Golgi
disruption (García-Briones et al., 2006; Martín-Acebes et al., 2008),
actin stress ﬁber loss (Armas-Portela et al., 2004), microtubule
depolymerization (Armas-Portela et al., 2004; Armer et al., 2008), as
well as cell rounding and detachment from tissue culture dish
(García-Briones et al., 2006). The observation that in cultures
persistently infected with FMDV only a small number of cells
displayed signs compatible with a lytic infection may explain why R
cells can be cured from FMDV cloned by limiting dilution (Airaksinen
et al., 2003; de la Torre et al., 1987). Previous studies with BHK-21
cells persistently infected with FMDV suggested that production of
infectious progeny was associated with an increase in the proportion
of positive strand FMDV RNA relative to negative strand FMDV RNA
and such proportion is due to both viral and cellular factors (Herrera
et al., 2008). In fact, production of infectious progeny has been
observed even after 146 passages of the persistently infected cells
(Toja et al., 1999). The present results at the cellular level suggest that
the expression of viral antigens and production of progeny is highly
Fig. 6. Blocking of extracellular FMDV transmission in R-B 15 and R-D 15 persistently infected cells. (A) Effect of the inhibition of endosomal acidiﬁcation induced by the
lysosomotrophic agent NH4Cl on the infection of BHK-21 cells by viruses VR-B 15 and VR-D15. Cells infected (MOIb1 PFU/cell) as described in Materials and methods were ﬁxed at
7 h postinfection and processed for immunoﬂuorescence using rabbit polyclonal serum 163 anti 3C protein and a secondary anti-rabbit antibody labeled with Alexa Fluor 488.
ANOVA p-values are indicated. (B) Effect of NH4Cl on the number of 3A positive cells in R-B 15 and R-D 15 conﬂuent monolayers. Cells were incubated with NH4Cl for 7 h and the
percentage of cells positive for 3A staining was determined as in panel A. ANOVA p-values are indicated in the ﬁgure. (C) Neutralization of viruses recovered from R-B 15 and R-D 15
cells. VR-B 15 and VR-D15 viruses were incubated with MAb I1 (irrelevant control MAb), or with neutralizing MAb SD6 and 5C4 prior to infection of BHK-21 cells (MOIb1 PFU/cell).
The percentage of cells positive for 3A staining at 7 h postinfection was determined as in panel A. p-values correspond to t-Student pairwise comparison. (D) Effect of treatment with
MAb SD6 and 5C4 antibodies (as in panel C) on the percentage of cells positive for 3A ﬂuorescence in R-B 15 and R-D 15 cultures. p-values corresponding to t-Student pairwise
comparisons are indicated in the ﬁgure. Procedures are described in Materials and methods.
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of positive strand versus negative strand FMDV RNA might have been
the average among individual cells displaying very different ratios.
Another characteristic of cells persistently infected with FMDV is
that R cells overgrowth produces massive cell death in a phenomenon
termed cythophatic effect crisis (de la Torre et al., 1985; Herrera et al.,
2008). Our results show a correlation between high cell density
(overgrowth) and an increase in the percentage of cells positive for
viral antigens in R-B 15 and R-D 15 cell populations (early persistence
stages). Thus, the number of cells positive for viral antigens
signiﬁcantly increased when overconﬂuence was reached (Fig. 4).
This increase in the number of cells displaying markers for viral
infection, which exhibited characteristics of FMDV lytic infection, may
explain the observed massive cell death. Cells positive for viral
antigens frequently appeared in close association with other positive
cells forming clusters, whose frequency also increased when
conﬂuence was exceeded, indicating, again, an association between
high cell density and progress of viral infection. In addition, blocking
of endosomal acidiﬁcation (hence impairing uncoating of the
incoming virus), or the effect of FMDV neutralizing antibodies showed
that extracellular virus transmission plays an important role in the
expression of FMDV antigens in R-B 15 and R-D 15 cells. However,
the blockwas not complete and thus, othermechanisms such as cell to
cell transmission of viral material without extracellular virion release
may be also contributing to this high cell density-associated increase
of virus infected cells (FMDV antigen spread). A possible cooperative
effect of different mechanisms may explain why previous attempts to
cure R cells adding virus neutralizing antibodies to the medium did
not produce consistent results (de la Torre et al., 1985; Donn et al.,
1995). Thus, further work is required to determine the possibleimplications of factors additional to extracellular uptake of virus in
this behavior.
The mechanism by which cell density increases viral antigen
expression is not known. In some primary cultures, the expression of
picornavirus receptors is cell density-dependent (Carson et al., 1999).
In the case of modiﬁed BHK-21 cells as a result of persistence it is not
known whether integrins receptor expression may be altered and
whether other metabolic changes may enhance viral antigen
expression. Also, upon cell seeding the increasing availability of
susceptible surrounding cells in areas of higher cell density (during
monolayer conﬂuence and overgrowth) could favor the spread of
viruses from infected cells. Another well studied picornavirus
persistence model is that induced by Coxsackievirus, which prefer-
entially replicates in activated/proliferating cells and establishes
persistent/latent infections in quiescent cells (Feuer and Whitton,
2008). However, to our knowledge, no association between FMDV
multiplication and cell cycle stages has been reported. In this line,
after in vitrowounding of R cell monolayers, a procedure that activates
latent Coxsackievirus (Feuer et al., 2002), no association between
proliferating cells (close to the scratch in the monolayer) and
expression of viral antigens was found (data not shown).
Persistent infections in cultured cells can be classiﬁed in several
categories (Oldstone, 2006). In chronic diffuse infections (steady-state
infections), all cells are infected and both virus and cell multiplication
proceed without the cells being killed. Virus is continually released
from the cells, and the infection cannot be eliminated by antiviral
antibodies. In chronic focal infections (carrier cultures), only a small
portion of the cell population is infected. These cells release virus and
are killed. Low concentrations of antiviral substances reduce extra-
cellular virus to a low level, maintaining the infection. These types of
54 M.A. Martín-Acebes et al. / Virology 403 (2010) 47–55persistent infections can be cured by increasing the concentration of
antiviral antibody, interferon, or antiviral inhibitors. Finally, in true
latent infections, the viral genome is replicated and segregated to the
daughter cells either as integrated DNA in the chromosomes or
extrachromosomally. The results on FMDV persistence reported here
ﬁt a carrier culture model of FMDV in BHK-21 cells.
Materials and methods
Cells and viruses
BHK-21c1 is a clone of BHK-21 (c13) cells obtained by end-point
dilution as previously described (de la Torre et al., 1985). R-D and R-D
are two BHK-21c1 cell lines persistently infected with FMDV C-S8c1,
which were established in parallel (Herrera et al., 2008), using the
procedure described previously (de la Torre et al., 1985). R-B and R-D
cells were cured of FMDV by treatment with ribavirin (de la Torre
et al., 1987; Herrera et al., 2008). The cured R-B and R-D cells were
named C-B and C-D, respectively. R-B 15, R-B 100, R-D 15 and R-D 100
refer to R-B and R-D cells at passages 15 and 100, respectively. C-B 15,
C-B 100, C-D 15 and C-D 100 refer to C-B and C-D cells cured of FMDV
at passages 15 and 100, respectively. Cells were grown in Dulbecco's
modiﬁcation of Eagle's medium (DMEM) supplemented with 5% fetal
calf serum. Biological clone FMDV C-S8c1 was obtained by plaque
puriﬁcation of the natural isolate C-Sta Pau Sp/70 on BHK-21 cells
(Sobrino et al., 1983). VR-B 15 and VR-D 15 are the FMDVs rescued at
passage 15 from R-B and R-D cells, respectively (Herrera et al., 2008).
Antibodies and stains
FMDV C-S8c1 proteins were detected using the following speciﬁc
polyclonal or monoclonal antibodies (MAb): SD6 and 5C4 that
recognize the antigenic site A in VP1 (Mateu et al., 1987) and the
discontinuous antigenic site D (Lea et al., 1994), respectively;MAb2C2
and rabbit polyclonal serum163 that recognise protein 3A (Rosas et al.,
2008); rabbit polyclonal serumE56 speciﬁc for FMDV3D (Strebel et al.,
1986). Mouse MAb I1 against vesicular stomatitis virus (VSV) G
protein (Lefrancois and Lyles, 1982) was used as negative control in
virus neutralization assays. Double-stranded RNA (dsRNA) was
detected using MAb J2 (Schonborn et al., 1991) (English and Scientiﬁc
Consulting). Mouse MAb 25H8 was used to detect cis-Golgi protein
gp74 (Alcalde et al., 1994). Rabbit polyclonal antibodies were used to
detect calreticulin (Abcam) and βII-tubulin (Armas-Portela et al.,
1999). Anti-mouse and anti-rabbit Alexa Fluor 488- or 594-labeled
secondary antibodies were from Invitrogen. Alexa Fluor 488-labeled
phalloidin (Invitrogen) was used to stain cellular actin. DAPI (4’, 6-
diamidino-2-phenylindole) (Invitrogen) was used for nuclei staining.
Infections
Infection of BHK-21 cell monolayers in liquid medium and plaque
assays in semisolid agar medium were performed as described (de la
Torre et al., 1985; Sobrino et al., 1983). Multiplicity of infection (MOI)
was calculated from the virus titer determined by plaque assay in
BHK-21 cells.
Inhibition of endosomal acidiﬁcation
The lysosomotropic agent NH4Cl was used to block endosomal
acidiﬁcation. For infection of BHK-21 cells with VR-B 14 and VR-D 15,
monolayers were pretreated for 1 h with 25 mM NH4Cl (Merck) in
DMEM supplemented with 25 mM HEPES pH 7.4 to buffer extracel-
lular pH, and the drug was maintained during the whole infection
period to avoid cellular recovery (Martín-Acebes et al., 2007). Cells
were ﬁxed and processed for immunoﬂuorescence staining 7 h
postinfection (PI).Virus neutralization assays
Viruses were incubated with the antibodies (supernatant from
hybridoma cultures diluted 1:10 in DMEM) for 1.5 h at room
temperature (RT) prior to cells infection. After virus adsorption,
cells were maintained in medium containing the MAb (1:10 dilution)
for 7 h.
Immunoﬂuorescence
Cells grown in coverslipswerewashed twicewithPBS andﬁxedwith
4%paraformaldehyde in PBS (cold absolutemethanol for Golgi staining)
for 20 min, washed with PBS and permeabilized with BPTG (1% BSA,
0.1% Triton-X 100, 1 M glycine in PBS) for 15 min at RT. Primary
antibodies prepared in 1% BSA in PBSwere incubated for 1 h at RT. Cells
were washed with PBS, stained with the corresponding ﬂuorescent
secondary antibody for 30 min at RT and then washed with PBS. Cell
nuclei were counter-stained with 1 µg/ml DAPI in PBS for 5 min, rinsed
with PBS and mounted in Fluoromount G (Southern Biotech Assoc.,
USA). Samples were observed using an Olympus BX61 epi-ﬂuorescence
microscope coupled to a digital camera DP70 (Olympus). Images were
acquired using Olympus DP controller software and processed using
Adobe Photoshop 7.0 (Adobe Systems Inc.).
Quantiﬁcation of infected cells
Infected cell monolayers, grown on glass coverslips, were ﬁxed
and processed for immunoﬂuorescence using 163 rabbit polyclonal
anti-3A serum. To quantify ﬂuorescent (positive) cells, three cover-
slips, with a minimum of 1000 cells each, were scored. The percentage
of cells positive for 3A staining was calculated as the number of 3A
positive cells divided by total number of cells analyzed (stained with
DAPI).
Data analysis
Data are presented as mean ± standard deviation. One-way
analysis of the variance (ANOVA) was performed using F Fisher-
Snedecor distribution with statistical package SPSS v.12 (SPSS Inc.). In
the case of multiple comparisons pairwise t-Student values were
calculated by applying Bonferroni’s correction. Differences were
considered statistically signiﬁcant at pb0.05.
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